A group of 82 households in a new-built apartment complex in Seoul, Korea participated in an investigation to examine the symptoms of sick building syndrome (SBS) using of houseplants for two observation periods. The present study confirmed the decrease of formaldehyde content in an airtight chamber containing a pot with fatsia plants. Houseplants affected the general air conditions, such as increasing relative humidity and decreasing carbon monoxide and carbon dioxide. The toxic chemical substances responsible for SBS persisted at least one more years but were effectively decreased by ventilation. Houseplants facilitated the quantitative decrease of some of these chemical substances in indoor air. Indoor-dwellers felt the decrease in SBS symptoms with time regardless of houseplants in both observation periods. Houseplants made a slight difference to the symptom degree of SBS in the first observation period but a significant difference in the second observation period; however, houseplants made little difference to the content of toxic chemical substances in indoor air except formaldehyde, although houseplants gave desirable results in the decrease of SBS symptoms.
Introduction
As modern city-dwellers spend most of their daily lives indoors, they have an interest in indoor air quality (IAQ). In particular, the rapid proliferation of apartment houses has increased public concern about IAQ in newbuilt buildings (Lim et al., 2006) .
Previous researchers regarded IAQ as a major factor of indoor-dwellers' lives in various fields (Fanger, 2006) . Nevertheless, it was generally accepted that indoor air in new-built buildings had many toxic chemical substances which were emitted from not only building materials but also newly manufactured furniture. These toxic chemical substances were chiefly formaldehyde and other volatile organic compounds (VOCs), such as benzene, toluene, ethylbenzene, and xylene (BTEX) (Craighead, 1995; Sullivan et al., 2001; Wolkoff, 2002) . Many researchers proved that these chemical substances were predominantly responsible for a buildingassociated disease, sick building syndrome (SBS) (Brasche et al., 1999; Career et al., 1999; Carpenter, 1998) . Formaldehyde was reported to be a the potential risk for carcinogenesis (Seo et al., 2006) and BTEX was regarded as causing adverse effects, such as asthma, dizziness, and fatigue, and some allergic diseases of the eyes, nose, and throat (Godish, 1990) . According to previous studies, the amount of these toxic chemical substances in indoor air was increased not by long exposure to outdoor air but by continual recirculation of polluted indoor air under airtight conditions. For that reason, indoor-dwellers should frequently ventilate or use low pollutant-emitting building materials to improve indoor conditions; however, these practices are expensive (Lim et al., 2006) .
In urbanized societies, some residents give significant attention to houseplants to regulate indoor air conditions as well as their positive effect on mental health as an environmentally friendly method (Bennett and Hill, 1973; Gilbert, 1968 Gilbert, , 1971 Hartig et al., 1991; Herzog et al., 1997; Raza et al., 1991; Shibata and Suzuki, 2001) . After the National Aeronautics and Space Administration 457 (NASA) used houseplants to purify toxic chemical substances in the environment in the 1990s, some researchers confirmed that houseplants purified the air of pollutants (Lohr and Pearson-Mims, 1996; Park and Seong, 2007) and other researchers proved that houseplants absorbed chemical substances from water, air, and soil, and transported them into the rhizosphere, where they decomposed or were converted into energy with the aid of microbes (Giese et al., 1994) .
In spite of continual studies of IAQ with the intervention of houseplants, substantial results have not been established with direct consideration of SBS symptoms of indoor-dwellers. For that reason, the present study examined indoor air quality using houseplants by measuring the amount of formaldehyde and BTEX in indoor air. Additionally, indoor-dwellers were examined for SBS symptoms in the presence of houseplants to identify the relation of IAQ to SBS with houseplant intervention.
Materials and Methods

Household arrangement and houseplant placement
An apartment complex in Seoul, Korea created 82 households after completion of its construction in early October, 2005. All households provided detailed information about their indoor conditions, as shown in Table 1 . The households were classified into two groups according to houseplant possession. One group of 40 households did not have houseplants and the other group of 42 households had houseplants indoors (Table 1) .
The households with plants had large pots of areca palm and rubber plants and small pots of bamboo palm and peace lily in the living room, a pot of pothos in the kitchen, and a large pot of elephant bush and small pot of fatsia and rosemary in the bedroom in early October, 2004 Fig. 1 ).
Formaldehyde decomposition by houseplants
As some former researches demonstrated good results in air-pollutant decomposition with fatsia plants (Hong et al., 2005) , a pot of these plants was installed into an airtight chamber to examine its decomposition ability of formaldehyde as a preliminary experiment.
A chamber of about 1 m 3 [0.9 m (W) × 0.9 m (L) × 1.24 m (H)] was made with stainless steel and glass to prevent the natural decrease of formaldehyde. A pot of 3.5 L (19 cm Ø) was filled with bark, sand, and growth media (Sunshine Mix-4, SunGro Horticulture, Canada) at a volume rate of 1 : 1 : 5. The pot was installed into the chamber with or without fatsia plants of 1,627-cm 2 leaf area after a 30-d acclimation period. The inner space of the chamber was managed with light intensity of 70 to 120 μmol·m −1 ·s −1 , air temperature of 23 ± 3°C, and humidity of 30 to 80%.
After placing the pot inside, gaseous formaldehyde was generated within the chamber up to 2,400 μg·m −3 using 35% aqueous formalin solution (Katayama Chemical Co., Japan). A low-volume vacuum pump with a stainless steel impeller distributed gaseous formaldehyde evenly within the chamber through 10-min air circulation with a flow rate of 6.0 L·min −1 at 60-min intervals during the initial observation period without the generation of other VOCs. After 10-min air circulation, the formaldehyde within the chamber was Evaluation on indoor air quality Two methods were used to evaluate IAQ in the present experiment: general observation and detailed measurement. General observation dealt with air temperature, relative humidity, and the content of carbon monoxide and carbon dioxide. The observation was conducted just after houseplant placement in early October, 2004 and after a 90-d airtight period in early January, 2005. Detailed measurements of formaldehyde and BTEX were taken in indoor space. As most households in Korea maintain indoor air with airtight conditions from October to March and with ventilation from April to September, air sampling for detailed measurement was conducted in January for the airtight period and in July for the ventilation period in 2005 and 2006. For the detailed measurement of IAQ in new-built apartment houses, an active air sampler was set up at a height of 1.5 m above floor level in the living room. After a low-volume vacuum pump in the air sampler adsorbed formaldehyde into 2,4-dinitrophenylhydrazine (DNPH) cartridge and ozone scrubbers (Supelco, USA) at a flow rate of 0.5 L·min −1 , formaldehyde was quantitatively analyzed by high-performance liquid chromatography (HPLC) (Alliance 2690 & 2487, Waters, USA) of 0.32-mm id and 1-μm thickness with a 60-m long HP-1 capillary column (Agilent Tec., USA). In the air sampler, another low-volume vacuum pump adsorbed VOCs into Perkin Elmer Tenax-TA adsorbent tubes at a flow rate of 0.2 L·min −1 . BTEX was then removed using a coupling thermal desorption system (TDS) (Aerotrap 6016, Tekmar, USA) and quantitatively analyzed with the use of gas chromatography (GC) (Shimadzu G-14-B, Kyoto, Japan) of 0.53-mm id and 0.32-μm thickness with a 25-m long HP-20 column (Agilent Tec.) and a flame ionization detector (FID). After the trap in TDS was thermally desorbed at 240°C for 3 min, the target compounds were cryo-focused at −110°C on the internal trap (0.1 mm glass bead). The cold trap was rapidly heated up to 225°C to flush into the cryo-focusing module in TDS. The module transferred the target compounds to GC. The initial oven temperature in GC was set at 50°C for 10 min and was ramped by 5°C every minute up to 200°C, and the target compounds were injected with helium carrier gas at a flow rate of 1 mL·min −1 at 150°C. Calibration curve was established at 0.5% for formaldehyde and BTEX. The desorbing efficiency for target compounds was higher than 85%.
Diagnosis on the symptom of sick building syndrome
The indoor-dwellers took a questionnaire to examine the degree of SBS symptoms. The questionnaire included 12 items dealing with allergic diseases of the eyes, nose, and throat and other subjective symptoms of headache, fatigue, and flushing. Participants answered each item as one of two degrees (symptom or no symptom). The questionnaire was conducted three times for each observation period: just after houseplant placement 
Results
Formaldehyde decomposition by houseplants
While a pot without plants slightly decreased formaldehyde content in a 1-m 3 airtight chamber, from 2,400 to about 2,300 μg·m −3 over 5 h, fatsia plants resulted in a clear decrease in content to around 1,700 μg·m −3 during the same period. Formaldehyde in an airtight chamber showed a regular decrease in its amount with a pot without plants during the observation period. A pot with fatsia plants led to a marked decrease in formaldehyde for the first 2 h, removing 450 μg, but induced a slight decrease for the next 3 h, decomposing approximately 240 μg. As a result, a pot plant had a reducing rate of 225 μg·m −3 for the first 2 h and around 80 μg·m −3 for the final 3 h (Fig. 2) .
Evaluation on indoor air quality
In new-built apartment houses, airtight conditions of indoor air without houseplants resulted in distinct changes in air temperature and relative humidity after 90 days (from October to January) but showed little change in the content of carbon monoxide and carbon dioxide. Houseplants gave different results in general air conditions.
There was a marked decrease in air temperature within new-built apartment houses after a 90-d airtight period regardless of houseplants, falling from 28.6 to 21. (Table 3) . As many researchers found that the VOCs responsible for SBS were chiefly formaldehyde and BTEX (Craighead, 1995; Sullivan et al., 2001; Wolkoff, 2003) , detailed measurement of IAQ of those chemical substances were conducted. The overall view indicated that these chemical substances remained more content in the airtight period (January) than in the ventilation period (July) and persisted to some degree for at least one more year. The amount of benzene was too minute to trace indoors (data not shown), but those of other chemical substances showed specific tendencies. 
Formaldehyde
In the first year, households without plants showed little difference in formaldehyde content with time, 72.0 μg·m −3 in January and 70.6 μg·m −3 in July. Households with plants maintained a low level of formaldehyde, 33.7 μg·m −3 in January, which decreased to 10.7 μg·m −3 in July. In the second year, the airtight period (January) showed a higher content of formaldehyde than the ventilation period (July). Households with plants showed a lower content of formaldehyde than those without plants in both periods (January and July). It was noticeable that the initial values in 2006 were slightly higher than those in 2005 despite the passage of time (Table 4) .
Toluene
In households without plants, ventilation decreased toluene content in both years from 88.6 to 19.1 μg·m (Table 4) .
Ethylbenzene
Ethylbenzene failed to show a particular trend in the first year because of its minute content in indoor air. In the second year, it decreased to around 10 μg·m −3 in the ventilation period (July) regardless of houseplants in spite of its different content in the airtight period (January). Additionally, ethylbenzene exhibited a higher content regardless of ventilation in 2006 (Table 4) .
Xylene
In the first year, xylene showed a low content in the ventilation period (July), 2.4 and 1.0 μg·m . Houseplants showed little significance between the two groups. Unlike other chemical substances, the observation of xylene content in 2006 hardly showed a specific tendency because of its minute content in indoor air (Table 4) . Figure 3 shows that the degree of SBS symptoms followed the decreasing trend with time and the symptom degree was lower in the ventilation period than in the airtight period. The figure also shows the severer degree of SBS symptoms in 2006 than in 2005. In the first year, indoor-dwellers in households without plants experienced steady degree of SBS symptoms from the initial time to the ventilation period (July) throughout the airtight period (January). Houseplants slightly decreased in the symptoms with time. In the second year, SBS symptoms in households without plants showed a similar trend to the first, sustaining a steady degree of more than 63% during the entire measurement period. Symptoms in households with plants showed markedly decreased SBS symptoms in the ventilation period (July), falling from 69 to 35% (Fig. 3) .
Diagnosis on sick building syndrome
Discussion
The airtight chamber was made only with stainless steel and glass to prevent the natural decrease of formaldehyde. Moreover, previous studies found three major channels of air-pollutant decomposition by houseplants: most air-pollutant decomposition was a result of photosynthesis by houseplants after absorbing air pollutants through the stomata (Kondo and Saji, 1992) , and the remainder was adsorption by media (Orwell et al., 2006; Wood et al., 2002) or with the help of microbes in the rhizosphere (Godish and Guindon, 1989) . In a 1-m 3 airtight chamber, a pot without plants caused about a 100-μg decrease in formaldehyde for 5 h but a pot of fatsia plants resulted in an approximately 700-μg decrease during the same period. Considering the results in Figure 2 with previous studies, the pot of fatsia seemed largely responsible for the decrease of formaldehyde content in the airtight chamber (Fig. 2) .
Additionally, the reduction rate of formaldehyde was higher during the first 2 h than in the final 3 h in the airtight chamber with a pot of fatsia plants. Park and Seong (2007) postulated that the different efficiency of air purification by the same houseplants was a result of the physiological cycle of plants (Fig. 2) .
In modern city life, indoor-dwellers can easily control indoor air temperature but there is not efficient way to control other indoor air conditions, such as relative humidity and the content of carbon monoxide and carbon dioxide, except ventilation. Houseplants made little difference to indoor air temperature but significant differences in other factors under airtight conditions. Houseplants increased relative humidity but decreased the content of carbon monoxide and carbon dioxide in indoor air. Considering the account of Shibata and Suzuki (2001) that houseplants could regulate indoor air conditions by an environmentally friendly method, the changes of indoor air conditions by houseplants could be regarded as a procedure of air condition regulation (Table 3) . The chemical substances in indoor air as air pollutants could be easily removed by ventilation, which was confirmed by Lim et al. (2006) ; however, households without plants showed no difference in formaldehyde content between the two periods: airtight (January) and ventilation (July). Houseplants caused a marked decrease in formaldehyde content in the airtight period (January), which was facilitated by ventilation, with a content of 10.7 μg·m −3 in July. In the second experimental period, ventilation caused significant decrease in formaldehyde content, falling from 85.1 in January to 54.0 μg·m −3 in July. Houseplants seemed to facilitate the decrease in formaldehyde content in both periods. Other indoor air pollutants did not follow the same trend as formaldehyde. Other chemical substances decreased during the ventilation period (July) in both experimental periods (2005 and 2006) ; however, houseplants failed to show an obvious decrease in the content of chemical substances with some exceptions. Therefore, it could be thought that ventilation was an efficient way of decreasing the amount of chemical substances in indoor air and houseplants provided only supplemental effects. Lim et al. (2006) agreed with these views.
On the other hand, the amount of chemical substances in indoor air was higher in the second experimental period (2006) than in the first experimental period (2005) despite the passage of time. Previous studies indicated that IAQ was affected by various internal and external factors and the present study suggested these factors in other ways. Initially, indoor air pollutants were consistently emitted from various sources in indoor space and ventilation was poor during the winter season (Lim et al., 2006) . In particular, indoor-dwellers in new-built buildings did not have a consistent interest in IAQ, except for the first year after building completion. Moreover, indoor-dwellers in households with plants did not ventilate to protect their plants from cold injury; therefore, a series of factors seemed to contribute to the higher content of indoor air pollutant in the second experimental period (2006) than in the first period (2005) . However, there are additional possible factors for the higher content of indoor air pollutants in the second experimental period. The present study used different houseplants for the installation in indoor space, as shown in Table 2 . It is agreed that houseplants have different abilities in decomposing chemical substances in indoor air and plant systems, including plants, soil, and pots could be another source of VOC emission. Hence, the kinds of houseplants and the plant system for indoor use could be other factors to regulate the amount of indoor air pollutants (Table 4) . Considering the degree of SBS symptoms for indoordwellers, as shown in Figure 3 with the observation of IAQ in Table 4 , some chemical substances in indoor air seemed to have a certain relation with SBS symptoms of indoor-dwellers. Although it is generally accepted that ventilation is efficient for reducing indoor air pollutants, the present experiment failed to show a clear result in decreasing for SBS symptoms. Houseplants resulted in a significantly lower frequency of SBS symptoms of indoor-dwellers. There are various symptoms of SBS, such as allergic diseases of the eyes, nose, and throat, and other discomforts, including asthma, dizziness, and physical fatigue (Godish, 1990) . Indoor-dwellers required diverse approaches to improve their mental health. Houseplants could be one of the most efficient ways to decrease the degree of SBS symptoms as well as to regulate IAQ.
The initial value of the degree of SBS symptoms showed a higher frequency in the second observation period than in the first observation period. As mentioned above, various factors affect IAQ and SBS symptoms. These factors could be the ventilation condition or the kinds and methods of houseplant use between the two experimental periods (Fig. 3) .
